We investigated the influence of testosterone on systolic blood pressure, heart weight, body weight, and ventricular myosin isoenzyme pattern of male spontaneously hypertensive strokeprone rats (SHRSP). In two different study series (study 1, postpubertal; study 2, prepubertal), SHRSP were gonadectomized (HG), gonadectomized and replaced with dihydrotestosterone (HG-T), and sham-operated (H). Blood pressure was significantly higher hi HG-T animals in both study series. Only prepubertal gonadectomy (study 2, HG group) led to a significantly decreased blood pressure. Heart weight and body weight were significantly diminished in the HG group when compared to the H group hi study 2. Dihydrotestosterone (HG-T group) reversed this effect. In both study series gonadectomy shifted the myosin isoenzyme pattern to the V 3 form while testosterone replacement led to a myosin isoenzyme pattern in favor of the V, form. We conclude that the ventricular myosin isoenzyme pattern is under the dominant control of androgens and dissociates the expression of myosin isoenzyme from both blood pressure and cardiac hypertrophy hi spontaneously hypertensive rats.
T wo different genes for myosin heavy chains exist in the ventricular muscle of rats 1 encoding for the so-called a-and /3-myosin heavy chains forming aa-homodimers, a/3-heterodimers and /3/3-homodimers. These three myosin isoenzymes can be separated by pyrophosphate gel electrophoresis and were designated with decreasing mobility in the gel as V, (aa), V 2 (ap), and V 3 (j8/3). 2 Myosin and myofibrillar ATPase activity of V, is higher than that of V 3 . 3 The expression of ventricular myosin isoenzymes is multihormonally controlled. Thyroid hormones, 24 insulin, 5 and the catecholamines 6 -7 have been shown to modulate myosin isoenzyme expression in the rat heart. Gonadectomy of male and female Wistar rats and hormonal substitution led to a shift of cardiac myosin isoenzyme to the V 3 form and V, form, respectively. 8 -9 Depressed ventricular function and contractile performance were associated in both sexes with gonadectomy, and these effects could be antagonized by hormonal substitution. 89 Both early and late gonadectomy of spontaneously hypertensive animals have been reported to retard the development of hypertension. 10 -12 Experimentally induced 13 or genetically determined elevated blood pressure of male and female rats 1415 led to cardiac hypertrophy and shifted the myosin isoenzyme pattern of the rat ventricle to the V 3 form. It was, therefore, interesting to study both the changes of cardiac hypertrophy and myosin isoenzyme pattern caused by gonadectomy and hormonal replacement of hypertensive rats.
In the present study, male spontaneously hypertensive rats of the stroke-prone strain (SHRSP) were sham-operated, gonadectomized, or gonadectomized and substituted with dihydrotestosterone postpubertally (study 1) and prepubertally (study 2). Body weight, heart weight, ventricular myosin isoenzyme pattern, and systolic blood pressure were studied. Our findings indicate that sexual hormones can dissociate myosin isoenzyme pattern from both blood pressure and cardiac hypertrophy: although gonadectomy reduced blood pressure and the degree of cardiac hypertrophy, a shift to the V 3 form appeared; dihydrotestosterone substitution elevated both blood pressure and cardiac hypertrophy, even above the level of sham-operated controls, but led to a shift to the V, form.
Materials and Methods
Animal Model SHRSP of different ages were used that had been bred in Heidelberg since 1975 under strict genetical control. 16 In study 1, animals were gonadectomized (HG), gonadectomized and substituted with dihydrotestosterone (HG-T), or sham-operated (H) postpubertally for 3 weeks (from week 16 to week 19). The HG-T animals received 3 mg dihydrotestosterone per day subcutaneously.
In study 2, the same experimental protocol as in study 1 was used prepubertally for 8 weeks (from week 6 to week 14). Animals received 3 mg dihydrotestosterone per day subcutaneously.
Measurement of Systolic Blood Pressure
Blood pressure was measured by the tail-cuff technique every week. Measurements were performed under short-term ether anesthesia (less than 2 minutes) as previously described. 17
Surgical Procedure and Tissue Preparation
Gonadectomy was performed under light ether anaesthesia. At the time of sacrifice, adequacy of gonadectomy and hormonal replacement was determined by taking blood samples from the retroorbital venous plexus. Serum testosterone levels were determined commercially with standard radioimmunoassay as described. 18 Animals were killed by cervical dislocation, weighed, and the chest was opened. The heart was excised and blotted, and the wet weight was determined. Left ventricles were subsequently frozen in liquid nitrogen and stored at -70° C for less than one week.
Determination of Ventricular Myosin Isoenzyme Pattern
Myosin isoenzyme pattern was determined by the pyrophosphate polyacrylamide gel electrophoretic technique as described. 2 The ventricles were crushed in liquid nitrogen, extracted for 20 minutes at 4° C with 3.4 fiVmg muscle wet wt of a modified Guba-Straub solution containing KC1 300 mM, NaPO< 100 mM, MgCl 2 1 mM, Na<P 2 O 7 10 mM, EDTA 10 mM, 1% NaN 3 , and 0.1% 0-mercaptoethanole, pH 6.5. The extracts were centrifuged at 20,000 rpm for 20 minutes at 4° C. The supernatant was mixed 1:1 with water-free glycerol and stored at -20° C. Electrophoresis was performed in 4% polyacrylamide gels using Pharmacia GE-4 apparatus, which allows circulation of the upper and lower chamber buffers. The buffer was composed of 20 mM Na»P 2 O 7 20 mM, EDTA 1 mM, 10% glycerol, and 0.1% /3mercaptoethanole, pH 8.5. The temperature was maintained at 1° C. Electrophoresis was run for 20 hours at 84 V (constant voltage). Gels were stained for 30 minutes in 0.025% Coomassie brilliant blue R-250, 10% methanole, and 7% acetic acid and destained in 7% acetic acid. Gels were scanned densitometrically. Peak areas were evaluated geometrically. The relative amount of the individual isoenzyme was expressed as percentage of the total sum of areas under the entire trace.
Statistical Analysis
Results are expressed as mean±SD. Significance analysis was performed with the Student's / test for unpaired values.
Results

Study 1 (Postpubertal)
Postpubertal gonadectomy (HG) or hormonal replacement (HG-T) of SHRSP had no statistically significant influence on the body weight, heart weight, or the body-to-heart weight ratio (Table 1) . Gonadectomy prevented the further development of hypertension while testosterone substitution of gonadectomized SHRSP accelerated the further development of hypertension (Figure 1 ). At the time of sacrifice, blood pressure of the HG-T group was significantly higher (p<0.05) when compared with the HG group (Table 1, Figure 1 ): blood pressure was 222.5±8.5 mm Hg and 256.2±24 mm Hg in the HG and HG-T group, respectively.
Compared with the HG group there was a significantly increased amount of V, and a significantly decreased amount of V 3 in the HG-T group (p<0.05): the myosin isoenzyme pattern (V,/V 3 ) was 18.8/53 and 29.3/39.2 in the HG and HG-T group, respectively (Table 1, Figure 2 ).
Study 2 (Prepubertal)
Compared with sham-operated hypertensive controls (H) there was a significantly decreased body weight in the HG group (p<0.05). Compared with the HG group there was a significantly increased heart weight in the HG-T group (p<0.001). Gonadectomy led to a significant decrease of the heart weight when compared to the H group (p<0.001) ( Table 1) .
Gonadectomy retarded the development of hypertension while testosterone treatment of gonadectomized animals accelerated the development of hypertension in SHRSP (Figure 3 ). Blood pressure was 204.6±12 mm Hg and 160.6±4.5 mm Hg in the HG-T and HG group, respectively (p<0.001). Compared to the H group (192±11 mm Hg) blood H = Hypertensive G = Gonadectomy T = Testosterone
FIGURE 2. Ventricular myosin isoenzyme pattern of male spontaneously hypertensive stroke-prone rats. Animals were sham-operated (H), gonadectomized (HG), or gonadectomized and treated with dihydrotestosterone (HG-T) postpubertalty. Values are mean±SD of five animals per group. Significance analysis was performed comparing H with HG and HG-T with HG.
pressure was significantly lower in the HG group (p<0.001) (Table 1, Figure 3 ).
The myosin isoenzyme pattern was dramatically changed by gonadectomy and hormonal replacement (p<0.001). Compared with the HG group, the myosin isoenzyme pattern (V,/V 3 ) changed in favor Figure 4 ).
Serum Testosterone Levels
At the time of sacrifice (study 1,19 weeks; study 2, 14 weeks) serum testosterone levels (nmol/1) of animals of both studies were 10.3±4 (H), 43.6±21 (HG-T), and 3.4±2.8 (HG) (10 animals were investigated per group). The decreased serum testosterone levels in gonadectomized rats are statistically significant (p<0.01) when compared with the H or HG-T group. Compared with the H and HG-group serum testosterone concentrations of the HG-T group were significantly higher at the p<0.001 level.
Discussion
The present study demonstrates striking differences between gonadectomized and testosteronetreated gonadectomized SHRSP when investigated prepubertally or postpubertally. Gonadectomy or hormonal replacement showed no effect on body weight or on heart weight when studied postpubertally. This is in contrast to the study of Scheuer et al 9 and may be related to the shorter measurement time in our postpubertal study. Gonadectomy of prepubertal animals caused a significant decrease of both body and heart weight, whereas hormonal replacement reversed these effects. These findings are in agreement with a previous study. 8 The observed effects on the hearts of gonadectomized or gonadectomized and hormonally replaced animals can be explained by the well-known anabolic effects exerted by testosterone. l9 Indeed, specific receptors for androgens exist in the rat heart, 20 and testosterone treat-ment increased both RNA and protein concentrations of the ventricular myocardium. 21 Blood pressure decreased after gonadectomy but increased significantly after testosterone treatment of gonadectomized animals. Again, these effects were more pronounced in the prepubertal group and may be related to the shorter time of measurement in the postpubertal group.
The hypertension inhibiting effect of gonadectomy is still a matter of debate. It has been speculated that the renal prostaglandin E 2 may be one determinant of blood pressure since prostaglandin Ej acts as a vasodilator. 22 -23 Castration led to elevated levels of renal prostaglandin E2, 24 suggesting that renal prostaglandin E 2 may be part of a gonadmediated blood pressure regulation system.
Treatment of gonadectomized hypertensive rats with testosterone caused a statistically significant shift of the myosin isoenzyme pattern of the left ventricle in favor of the V, form. Gonadectomy revealed the reverse effect: suppression of V, and increase of V 3 . These effects appeared in both postpubertal and prepubertal animal groups but were more pronounced in the prepubertal group. The same observations have been reported with normotensive rats. 8 -9 Obviously, testosterone favors the appearance of the V! form of ventricular myosin types independently from blood pressure or the degree of cardiac hypertrophy. It cannot be decided, however, whether testosterone mediates its effect via direct or indirect mechanisms or through modulation on the transcriptional or posttranscriptional level.
Experimentally induced 13 or genetically determined hypertension of male and female rats 1415 led to cardiac hypertrophy and a shift of the myosin isoenzyme pattern of the rat ventricle to the V 3 form. A close correlation between cardiac hypertrophy, 23 systolic blood pressure, 13 and ventricular myosin isoenzyme pattern has therefore been proposed. Our results, however, suggest that sexual hormones may dissociate the ventricular myosin isoenzyme pattern from both cardiac hypertrophy and blood pressure. Impaired cardiac functions of gonadectomized rats of both sexes have been described which have been associated with the shift to the V 3 form and the concomitant decreased myofibrillar ATPase activity. 89 However, it is not yet clear whether there is a direct relation between the amount of V 3 and the appearance of impaired cardiac functions (for review, see Reference 26). Furthermore, increased economy of tension development 27 -29 and decreased oxygen consumption 3031 were both found to correlate well with elevated levels of V 3 . New insights into the role of different myosin isozymes in the cardiac muscle, however, revealed that both types of myosin isoforms may respond differently to elevated levels of cyclic AMP caused by /3-adrenergic stimulation: cyclic AMP may be able to inhibit V 3 ATPase activity, increasing V, ATPase activity at the same time. 2 In summary, we have shown that testosterone has important functions in the control of systolic blood pressure, cardiac hypertrophy, and the expression of cardiac contractile proteins. The precise mechanisms by which testosterone exerts its effects await further exploration.
